Human cytomegalovirus immediate-early (IE) region 2 (0.732 to 0.740 map unit) begins 35 nucleotides downstream of IE region 1 (Stenberg et al., J. Virol. 49:190-199, 1984). A series of mRNAs that have different splicing patterns are transcribed from region 2. There is an unspliced 1,589-nucleotide exon present in minor amounts and two spliced exons (836 and 289 nucleotides) present in larger amounts. The IE region 2 exons were found to be spliced onto the first three exons of region 1. Therefore, under IE conditions the region 1 promoter-regulatory region can promote transcription of region 2. Promoter sequences (i.e., CAAT and TATA boxes) are found upstream of the 5' end of IE region 2 but presumably function poorly at IE times after infection. The transcriptional regulation of these IE genes and the possible functional roles of the proteins are discussed. We postulate that a series of unique but related proteins are made from the region 2 transcripts. Some of these proteins should contain the same 169 amino-terminal residues as the major IE 72-kilodalton protein encoded by IE region 1 (Stenberg et al., J. Virol. 49:190-199, 1984). Variations in the amino acid sequences of the region 2 proteins could occur at either the amino terminus, the carboxy terminus, or both termini.
Human cytomegalovirus (CMV), a member of the herpesvirus family, is a large double-stranded DNA virus with a genome 240 kilobases (kb) long (6, 8, 11, 20) . Like the cycles of other herpesviruses, the replicative cycle of CMV can be broken down into the following three phases: immediate early (IE), early, and late (4, 7, 14, 26, 27) . Mutants of herpes simplex virus in the IE genes have been shown to be unable to establish latency (9) . Thus, the expression of herpesvirus IE genes and the manner in which viral gene products regulate subsequent gene expression play an important role in determining the outcome of infection.
Infection of permissive cells with CMV in the presence of inhibitors of protein synthesis leads to accumulation of viral IE RNA (4, 10, 14, 26, 27) . This RNA is transcribed from restricted regions of the viral genome. Previously, we designated three transcription units within XbaI fragment E as IE regions 1, 2, and 3 (21) . IE region 1 codes for an abundant 1.95-kilobase (kb) mRNA (18, 20) . This RNA was translated in vitro, and an abundant amount of a protein with an apparent molecular weight of 72,000 was synthesized (21, 28) . Previously we described the splicing pattern of the 1.95-kb mRNA, the sequence of the DNA, and the predicted amino acid sequence of the protein (18) . The actual molecular weight of the major IE protein according to its amino acid sequence is 64,000.
IE region 2 lies adjacent to region 1 and codes for a series of at least four mRNAs ranging in size from 1.10 to 2.25 kb. The gene products of these viral mRNAs were determined by in vitro translation of hybrid-selected RNA. The predominant protein encoded by this region has a molecular weight of 56,000, as determined by denaturing polyacrylamide gel electrophoresis. Several other proteins ranging in molecular weight from 42,000 to 16 ,500 were also detected (21) . The presence of a diverse population of mRNAs and proteins originating from IE region 2 suggested that various RNA splicing events might occur in this relatively small region of the viral genome.
In this paper we describe the structure of the RNAs originating from IE region 2. Under IE conditions, the viral mRNAs are generated through a complex series of splicing events in which the exons in IE region 2 can be linked to IE region 1 exons. A series of IE region 2 proteins that differ either at their carboxy or amino termini could arise. The relative abundance of the IE region 2 mRNAs changes during the course of infection. Spliced mRNAs predominate at IE times after infection. In contrast, unspliced mRNAs appear at early times and are predominant at late times. The role that these viral proteins might play in regulation of CMV gene expression is discussed. The role of the 72-kilodalton (kDa) IE protein from IE region 1 in autoregulation and the relationship of this phenomenon to transcription in IE region 2 are discussed in the accompanying paper (17) .
MATERIALS AND METHODS
Cell culture and virus propagation. The growth of human foreskin fibroblasts and the propagation of human CMV strain Towne have been described previously (19) .
Preparation of RNA. IE polysome-associated RNA was prepared in the presence of 100 puM anisomycin as described by Stinski et al. (21) . Whole-cell RNA was prepared by the guanidinium hydrochloride lysis method essentially as described by Strohman et al. (22) .
Recombinant plasmid DNAs. The CMV recombinant plasmid DNAs used in this study and the methods used for their purification have been described previously (21, 25) .
Restriction enzymology and radioactive DNA probes. Uniquely end-labeled DNA fragments were generated as previously described (18) (18, 21) . The sizes of the RNAs are expressed in kilobases. The fractional length of the genome is indicated in map units. apolis, Ind.) was substituted for bacterial alkaline phosphatase.
RNA analysis. RNA was analyzed by the nuclease mapping technique of Berk and Sharp (1), as previously described (18) . IE region 2 mRNA was purified by hybridizing 65 p,g of IE polysome-associated RNA to the SalI-SstI fragment of region 2 DNA bound to diazobenzyloxymethylpaper as previously described (21) . Denaturing formaldehyde-1.5% agarose gels were prepared and subjected to electrophoresis as described by Lehrach et al. (12) . After electrophoresis, the RNA was transferred to nitrocellulose by the method of Thomas (23) .
DNA sequencing. The DNA sequence analysis was performed by the chemical degradation method of Maxam and Gilbert (13), as previously described (18) .
Protein structure determination. Two-dimensional protein structures were determined by the methods of Chou and Fasman (2) and Cohen et al. (3) .
RESULTS
Physical map of IE region 2. A detailed restriction map of the XbaI-E region of CMV strain Towne and the relative location of IE region 2 have been previously described (21) . Figure 1 shows a more detailed restriction map of IE region 2. This map was generated by the partial digestion procedure of Smith and Birnstiel (16) in conjunction with double restriction digestion of recombinant plasmid DNAs. The restriction sites were verified by the DNA sequence.
Northern analysis of IE region 2 RNAs. We previously examined the mRNAs from IE region 2 by Northern blot analysis and found five size classes of RNA originating from a DNA region approximately 2 kb long (21) . However, the results of our previous studies suggested that the 1.95-kb mRNA species detected with the DNA described above might have been due to contamination of the probe with region 1 DNA (21). Therefore, IE region 2 DNA from the SalI site to the SstI site ( Fig. 1) was purified by multiple electrophoresis steps, 32P nick translated, and hybridized to a Northern blot of IE RNA. Figure 1A shows that four RNA size classes were detected (2.25, 1.70, 1.40, and 1.10 kb). However, there was no RNA species present at the position expected for the 1.95-kb size class, indicating that our previous probes had some DNA contamination from IE region 1 (21) . The position of the IE region 1 1.95-kb mRNA was determined by hybridizing a recombinant DNA from IE region 1 (pXEP22 [21] ) that contained only the 121-nucleotide leader sequence of the major IE mRNA (Fig. 1B) . Only the 1.95-kb RNA was detected after a short exposure of the autoradiogram. However, after longer exposures we detected additional mRNA species (data not shown). These observations are discussed below.
Nuclease mapping of IE region 2 RNAs. Our preliminary data obtained by using uniformly labeled DNAs as probes in nuclease mapping studies indicated that the RNAs from IE region 2 crossed the XhoI site. The XhoI site of the XhoIto-Sail fragment (Fig. 2) Fig. 2A ). Therefore, a 5' end was located 630 nucleotides upstream from the XhoI site, and transcription of IE region 2 was from right to left on the prototype arrangement of the CMV strain Towne genome. To probe for the 3' ends of region 2 RNAs, the 3' end of the NcoI site was labeled, and the fragment from NcoI to SalI was used for hybridization studies with IE RNA. The hybrids were treated with mung bean nuclease or exonuclease VII and subjected to alkaline agarose gel electrophoresis. Mung bean nuclease digestion generated two bands, a major 220-nucleotide band and a minor 950-nucleotide band (Fig. 2B ). Digestion with exonuclease VII caused a shift in the 220-nucleotide band to a major 950-nucleotide band and a minor 850-nucleotide band (Fig. 2B) . However, the 220-nucleotide band also was present after exonuclease VII digestion. These data suggested the presence of spliced and unspliced RNAs. The major 3' end of these RNAs was at a position 950 nucleotides downstream from the XhoI site. The minor 850 nucleotide band present after exonuclease VII digestion indicated the presence of a second 3' end. However, preliminary data indicated that this 3' end is a possible donor splice site which may link to exons located downstream (data not shown). The band at 220 nucleotides generated by exonuclease VII digestion may represent artifactual nicking of the intron loop, followed by digestion to the splice point or another 3' end. To analyze the splice points of the two exons, the fragment from the TaqI site to the XhoI site was labeled either 5' at the TaqI site (Fig. 2C) locations of the 5' and 3' ends, as well as the intron-exon splice junctions, were determined by mung bean nuclease analysis and electrophoresis of the protected DNA adjacent to the DNA sequence. IE region 2 has typical CAAT and TATA sequences upstream from the 5' end at positions -62 to -59 and -34 to -29, respectively (Fig. 3) . The gene extended 1,589 nucleotides to the 3' end. At a position 18 to 23 nucleotides upstream from the 3' end was a consensus polyadenylation addition sequence, AATAAA (15 Fig. 4 . The RNA that splices to a third exon further downstream was present in minor amounts.
Analysis of region 1-region 2 splicing. The structure and relative abundance of the RNAs determined from the mung bean nuclease analysis did not agree with the structure and relative abundance determined by Northern blot analysis (Fig. 1) . The mung bean nuclease analysis indicated that the RNAs were smaller than 1.0 kb (Fig. 2) , and, therefore, it could not account for the abundant 1.70-and 2.25-kb RNAs. Since region 2 contains only 1,589 nucleotides, a 2.25-kb RNA could not be generated entirely from this region.
Previous hybridization studies indicated that these abundant RNAs could not be detected downstream from region 2, suggesting that they did not splice to exons further downstream (21; unpublished data). However, it was possible that these RNAs originated from IE region 1. This hypothesis was based on several pieces of evidence, as follows. (i) Long-term exposures of IE RNA Northern blots hybridized to region 1 probes often reveal additional RNAs that are usually masked by the intense exposure of the 1.95-kb major IE RNA (unpublished data). (ii) The 5' noncoding region of IE region 2 has an open reading frame that is continuous with the exons of region 1 (Fig. 3) ; this is atypical of 5' noncoding regions in eucaryotic mRNAs. (iii) The 5' end of IE region 2 contains a consensus acceptor splice sequence with an AG dinucleotide beginning upstream at position -2 and the typical pyrimidine-rich stretch 5' to the splice site (Fig. 3) .
To investigate the possibility that the more abundant mRNAs from IE region 2 might actually be linked to IE region 1 by differential RNA splicing, it was necessary to purify IE region 2 mRNAs of the abundant 1.95-kb major IE mRNA from region 1. The fragment of DNA extending from the Sall site to the SstI site in region 2 was purified and bound to diazobenzyloxymethyl-paper. IE region 2-specific polysome-associated RNA was hybrid selected and used in both mung bean nuclease and Northern blot analyses. For the mung bean nuclease analysis, a fragment extending from the XhoI site in region 2 to a HindIlI site upstream from IE region 1 was labeled at the 5' end of the XhoI site. This probe was then hybridized to region 2 selected mRNA. The results demonstrated that the mung bean nuclease analysis generated a predominant band (band 4) which indicated a 5' end at the designated location in region 2 (Fig. SA) . Digestion with exonuclease VII caused the appearance of three highermolecular-weight bands, which indicated that there were 5 (Fig. 5A) . However, specific hybrids that extended into the major exon (exon 4) of IE region 1 were not detected. The location of the three small exons in IE region 1 has bee'n described previously (18 (18) shows that the selected RNA from IE region 2 protected the probe, generating bands identical to those generated by total LE RNA. The top band was the expected 111-nucleotide band. The location of a 110-nucleotide band was identified, and this band probably represented breeding at the 3' end of the hybrid as well as the bottom band. This pattern of multiple bands was consistent with our previous findings (18) . Therefore, region 2 mRNAs were linked to region 1 exons.
Proposed structure of IE region 2 mRNAs. The sequence analysis of the first three exons of IE region 1 showed that these exons could splice onto region 2 such that the open reading frame from region 1 was continuous with region 2 (Fig. 6A) . Beginning at the ATG sequence in exon 2 of region 1, an open reading frame extended through the region 1 small exons into region 2; depending on how the exons were spliced, different but related proteins could be generated. Figure 6B shows the proposed structures of the RNAs originating from region 2, as well as region 1. As Fig. 6B shows, we generated a series of mRNAs that could code for proteins that varied at the amino terminus, the carboxy terminus, or both termini. In addition, at least two region 2 proteins could be expected to have the same amino-terminal portion as the region 1 The hybridization data indicated that this RNA was linked to a IE region 1 exon. However, the size of the RNA molecule indicates that it cannot have all three region 1 exons. Therefore, the structure of this RNA (Fig. 6B) is hypothetical. The 1.7-kb unspliced RNA in region 2 is discussed below in more detail.
Appearance of region 2 mRNAs throughout the replicative cycle. To better understand how region 2 is expressed over time, we analyzed the steady-state accumulation of RNAs originating from IE region 2 at different intervals after infection. These analyses were performed by hybridizing whole-cell RNA from an equivalent number of infected cells to a 3'-labeled ClaI (Fig. 7) probe in region 2. The hybrids were digested with mung bean nuclease and subjected to electrophoresis under alkaline conditions. The spliced RNAs, which normally accumulated to a higher level than the unspliced RNAs under IE conditions, were approximately equal in abundance to the unspliced RNAs at 5 h after infection in the presence of protein synthesis (Fig. 7) . The levels of unspliced and spliced RNAs diminished somewhat by 10 and 24 h after infection. However, the unspliced RNA level increased dramatically by 48 and 72 h after infection (Fig. 7) . Therefore, region 2 was expressed at late times after infection and primarily as unspliced RNA.
DISCUSSION
In this paper we describe an analysis of the RNA originating from human CMV IE region 2. Our data demonstrate that IE region 2 codes for four species of RNA (2.25, 1.70, 1.40, and 1.10 kb). Detailed structures for the three larger RNAs are proposed. The structure of the minor 1.10-kb species is still under investigation. We also identified a second 1.70-kb RNA species which is most abundant at late times after infection. Transcription of these RNAs is from right to left on the CMV genome, which is consistent with the findings of Wilkinson et al. (28) . These RNAs differ at the level of RNA splicing and thereby generate mRNAs that can be translated to different, but related proteins. Transcription of region 2 originates in IE region 1, indicating that the strong region 1 promoter and its upstream control sequences influence region 2 expression at IE times after infection. We previously demonstrated that the IE region 1 promoter is very strong at IE times after infection (21, 24 ). An event occurring at the level of transcription termination, polyadenylation, or RNA splicing may control the relative abundance of region 1 and region 2 mRNAs in the cytoplasm of infected cells. Alternatively, the abundance of these RNAs may be influenced by RNA turnover.
The virus could code for a series of proteins, all of which contain the same open reading frame but which differ at the amino termini, the carboxy termini, or both due to differential splicing. Computer-derived two-dimensional structures of the 48-and 51-kDa region 1-region 2 proteins as predicted by the method of Chou and Fasman (2) are shown in Fig. 8A and B. The molecular weights of the proteins, as determined from their amino acid compositions, are slightly lower than those of proteins synthesized by RNA isolated by hybridization selection and analyzed by denaturing polyacrylamide gel electrophoresis (21) . These hypothetical proteins are essentially identical except that they differ at the carboxyterminal end beginning with amino acid 365 (Fig. 8) With the exception of the amino terminus from amino acids 1 to 169 (Fig. 8) , the 48-and 51-kDa proteins contain a C-terminal sequence identical to that of the smaller 27-and 30-kDa proteins (Fig. 6B) . The presence or absence of the amino-terminal 169 amino acids in the 48-and 51-kDa proteins could affect the ability or lack of ability of the proteins to positively or negatively regulate CMV gene expression.
As mentioned above, the 27-and 30-kDa proteins are identical to the 48-and 51-kDa proteins except that they are missing the amino-terminal 169 amino acids derived from IE region 1. These proteins may differ in function in one of two ways. First, they may be altered by simply lacking an active site or binding site which is present in the amino termini of the larger proteins. Second, they may function by freeing an internal active site which is masked by the amino terminus in the larger proteins.
It was interesting that in the presence of de novo viral protein synthesis, the pattern of region 2 This hypothesis is consistent with the decrease in relative abundance of region 2 spliced transcripts at 10 h after infection in the presence of viral protein synthesis. What is most interesting about the expression of region 2 transcripts is the tremendous increase in the level of unspliced 1.70-kb RNA at late times after infection. The phenomenon of IE region 1 autoregulation described in the accompanying paper may explain why the mRNA for the 30-kDa protein accumulates to the highest levels at late times after infection. We propose that at early and late times after infection, the region 2 promoter functions on its own to produce primarily the unspliced RNA from region 2, while at IE times region 2 expression originates primarily from the region 1 promoter. After the IE 72-kDa protein negatively regulates the region 1 promoter (17), the region 2 promoter is preferentially selected by the transcription complex.
